The development of non-precious metal based electrocatalysts for the hydrogen evolution reaction (HER) has received more and more attention over recent years owing to energy and environmental issues, and Mo based materials have been explored as a promising candidate. In this work, molybdenum carbide/N-doped carbon hybrids (Mo 2 C@NC) were synthesized facilely via one-step high-temperature pyrolysis by adjusting the mass ratio of urea and ammonium molybdate. The Mo 2 C@NC consisted of ultrasmall nanoparticles encapsulated by N-doped carbon, which had high specific surface area. They all exhibited efficient HER activity, and the Mo 2 C@NC with a mass ratio of 160 (Mo 2 C@NC-160) showed the best HER activity, with a low overpotential of 90 mV to reach 10 mA cm À2 and a small Tafel slope of 50 mV dec
Introduction
With the increase of traditional fossil fuel energy consumption and the associated environmental pollution, considerable efforts have been devoted to exploiting sustainable and clean energy sources to solve the intractable energy and environmental problem. Hydrogen, as a key energy carrier, has been regarded as one of the most promising alternatives to traditional fossil fuels.
1 Electrochemical water splitting driven by green energy resources has been considered as a promising approach to produce hydrogen fuel.
2 Water splitting requires efficient electrocatalysts to promote the hydrogen evolution reaction (HER) at low overpotentials. It is well known that platinum (Pt) is the most active HER electrocatalyst, 3 however its high cost and low abundance limit its large-scale application. Therefore, numerous efforts have been made to develop precious metal-free electrocatalysts with high performance and low cost for practical large-scale hydrogen production.
4,5
So far, several non-noble metal-based materials, including transition-metal carbides, 6 nitrides, 7 phosphides 8 and chalcogenides 9 have received more and more attention as alternative HER electrocatalysts. Among these catalysts, transition-metal carbides have recently received a great amount of attention because of their similar electronic structure to that of Pt, good corrosion resistance and stability. 10 Particularly, one such carbide, molybdenum carbide (Mo 2 C) is one of the most potential transition-metal carbides due to its efficient catalytic activity, good conductivity, high melting point and low cost.
11-15
Recently, constructing various Mo 2 C nanomaterials with particular morphology such as nanowires, 16 nanosheets 17 and nanotubes 18 enhanced their HER performance owing to exposure of more active sites. Mo 2 C nanomaterials are generally obtained by the high-temperature pyrolysis of precursors containing molybdenum and carbon/organic compounds.
19,20
However the high-temperature pyrolysis may lead to inevitable aggregation and/or excessive growth, which results in low specic surface area and subsequently low density of catalytic active sites. Therefore, it is still challenging to prepare Mo 2 C with well-dened nanostructures and high specic surface area to expose more catalytical active sites for enhancing HER performance. Mo 2 C nanoparticles has been synthesized by the 'urea glass' route with MoCl 5 and urea as precursor, but exhibited low specic surface area. 19 And some works reported that using ammonium molybdate and some organic compounds (for example glucose and dicyanamide) as Mo and carbon sources produced the Mo 2 C nanomaterials with high specic surface area. 21, 22 Therefore, changing the precursor of Mo and carbon sources might a convenient procedure for constructing Mo 2 C nanomaterials with new nanostructures and high specic surface area in order to enhance their HER performance.
Herein, we utilized urea and ammonium molybdatetetrahydrate as carbon and Mo sources to prepare Mo 2 C@NC via onestep procedure by changing the urea/metal ratio. The obtained Mo 2 C@NC had high specic surface areas, exhibited excellent electrocatalytic HER activity with a low overpotential of 90 mV to reach 10 mA cm À2 and a small Tafel slope of 50 mV dec À1 , which was one of the most active reported Mo 2 C-based electrocatalysts.
Material and methods

Materials
Ammonium molybdatetetrahydrate, urea and potassium hydroxide were purchased from HeownsBiochem Technologies (Alpharetta GA, USA). Naon solution (5% in a mixture of lower aliphatic alcohols and water) and Pt/C (20% Pt on Vulcan XC72) were purchased from Sigma-Aldrich (St. Louis, USA).
Preparation of Mo 2 C@NC
Urea and ammonium molybdatetetrahydrate (20 mg) with different mass ratios (R (urea/ammonium molybdatetetrahydrate) ¼ 80, 160, 240 and 320) were dissolved into 15 mL water, evaporated in a constant temperature bath at 100 C under stirring, and then dried into white precursors. The precursors were placed on quartz boats with a cover, and transferred to a quartz tube furnace. They were heated at 400 C with a ramp of 2 C min À1 in N 2 atmosphere, and further 800 C min À1 for 6 h with a ramp of 5 C min À1 to obtain black products. The products were named as Mo 2 C@NC-80, Mo 2 C@NC-160, Mo 2 C@NC-240 and Mo 2 C@NC-320, respectively.
Materials characterization
X-ray powder diffraction (XRD) patterns were measured by a D8 ADVANCE X-ray diffractometer (Bruker, Germany) with Cu Ka radiation. The C content was measured by vario EL cube elemental analysis system (Elementar, Germany). The morphologies of products and EDX spectra were performed using a Nova Nano SEM 230 scanning electron microscope (FEI, USA) and a Tecnai G2 F20 transmission electron microscope (FEI, USA). X-ray photoelectron spectroscopy (XPS) was obtained by an AXIS Ultra DLD X-ray photoelectron spectroscopy (Shimadzu, Japan). N 2 adsorption-desorption isotherms were measured by an ASAP 2020 Physisorption Analyzer (Micromeritics, USA), and the specic surface areas were calculated by the Brunauer-Emmett-Teller (BET) method.
Electrochemical measurements
The electrocatalyst was (4 mg) dispersed in ethanol (0.475 mL) containing 5% Naon solution (25 mL) under ultrasonic irradiation for 20 min to obtain a homogeneous ink. Then 8 mL ink was transferred onto a glassy carbon electrode (GCE) with 3 mm diameter and dried at 30 C. For comparison, the same amount of Pt/C sample was dropped onto the GCE.
Electrochemical experiments were performed by a threeelectrode system with catalysts modied GCE as the working electrode, a graphite rod as the counter electrode and a saturated Ag/AgCl as the reference electrode at 25 C ) and n was the moles of the metal atom on the electrode based on the loading mass and molecular weight of the coated catalysts. The electrochemically active surface areas (ECSA) of the electrocatalysts were calculated by the doublelayer capacitor with the reported electrochemical method.
21
The cyclic voltammograms (CVs) were performed with different rates from 20 to 100 mV s À1 in the range of 0.15-0.25 V (vs.
RHE). The electrochemical impedance spectroscopy (EIS) measurements were carried out using an Autolab potentiostat (Eco Chmie, The Netherlands) in the frequency range from 100 KHz to 0.1 Hz. The EIS data were analyzed and tted with the ZView soware. The solution resistances (R) were measured by EIS, and calculated to be about 8 U, which was used for the iR correction. The stability was tested at a scan rate of 50 mV s
À1
for 2000 cycles and by long-term chronoamperometry.
Results and discussion
Characterization of Mo 2 C@NC
The synthesis of Mo 2 C@NC was achieved by simple thermal treatment of the inexpensive starting materials (urea and ammonium molybdatetetrahydrate) in N 2 atmosphere. The synthesized products with different mass ratios of urea/ ammonium molybdatetetrahydrate were conrmed by X-ray diffraction. At the mass ratio R ¼ 80, Mo 2 C (JCPDS card no. 35-0787) with diffraction peaks of (100), (002), (101), (102), (110), (103) and (112) was obtained ( Fig. 1) . 24 No other crystalline phases (for example, molybdenum nitride and MoO x ) could be observed in the XRD patterns, indicating its purity. While, with a further increase to R ¼ 160, 240 and 320, the diffraction peaks of the three Mo 2 C products decreased, and an evident broad peak around 26 corresponding to graphene (002) crystal planes was presented, showing the formation of amorphous carbon and the high content of carbon, compared with Mo 2 C@NC-80.
18
To better know the elemental composition of Mo 2 C products, EDX analysis was measured. The EDX spectra showed the Mo 2 C products consisted of C, Mo, N and O elements, and the carbon content increased as the increase of urea amount. (Fig. S1 †) . The precise free carbon content of the different Mo 2 C products was calculated by the results of elemental analysis system (Table  S1 †), which veried the above XRD and EDX results. There was no carbon peak for Mo 2 C@NC-80, possibly due to the relatively low urea used for its synthesis, whereas high amount of urea could lead to poor crystallinity for Mo 2 C@NC-160, Mo 2 C@NC-240 and Mo 2 C@NC-320 products. During the rst annealing at 400 C, the pyrolysis of urea could result in g-C 3 N 4 material, which had a stacked 2D lamellar structure similar to graphite. 25, 26 And during the second annealing, the pyrolysis g-C 3 N 4 and formed molybdenum oxide from the rst annealing led to the formation of graphitic carbon, because Mo species could promote the catalytic growth of carbon from the decomposed intermediates of g-C 3 N 4 .
21 It was concluded that adjusting the mass ratios of urea/ammonium molybdatetetrahydrate would result in the formation of Mo 2 C@NC with different crystalline degree and carbon content. The different crystalline degree and carbon content of synthesized Mo 2 C@NC catalysts might affect their electrochemical HER performance.
The morphology of synthesized products was characterized by SEM and TEM. Mo 2 C@NC-80 had a mixture of nanoparticles and nanoplates ( Fig. S2a and b †) . At high amount of carbon precursors, the morphology of Mo 2 C@NC-160, Mo 2 C@NC-240 and Mo 2 C@NC-320 products exhibited loose and porous nanoakes ( Fig. S2c-h †) . TEM images showed that the nanoakes constructed by ultrasmall nanoparticles with an average size of about 2.3 nm (Fig. 2a and b) . HRTEM images further corroborated that the ultrasmall Mo 2 C nanoparticles embedded within carbon matrix with several layers, although amorphous carbon dominated the carbon matrix around the Mo 2 C nanoparticles ( Fig. 2c and d) . The lattice spacing on the Mo 2 C nanoparticles was 0.24 nm, which corresponds to the (002) crystal planes of Mo 2 C phase. The carbon matrix should be resulted from decomposed g-C 3 N 4 via the second annealing, accompanying the reduction of molybdenum oxide and the production of Mo 2 C. The elemental mapping (Fig. S3 †) revealed that the C, Mo and N atoms were homogeneously distributed over the entire material, suggesting that the ultrasmall Mo 2 C nanocrystals were uniformly distributed within the N-doped carbon matrices. The ultrasmall size and uniform distribution of Mo 2 C nanoparticles might be ascribed to the conning effect of g-C 3 N 4 lamellar structure produced from urea during the rst annealing.
To conrm the chemical composition and valence states of Mo 2 C@NC, the XPS spectra were studied. The XPS survey spectrum of Mo 2 C@NC-160 indicated the existence of Mo, C, N and O elements (Fig. 3a) . The Mo 3d XPS spectrum displayed three different oxidation states at 228.8, 229.7 and 232.4 eV, which could be ascribed to Mo 3d 5/2 of Mo 2 C, MoO 2 and MoO 3 , respectively (Fig. 3b) . 27 It has been reported that Mo 2 C was prone to oxidation at the surface when exposed to air. 28 The C 1s peaks at 284.6, 285.6 and 289.4 eV could be attributed to the C atoms of C-C/C]C, C-N, and O-C]O species, respectively (Fig. 3c) .
11,29 However, no carbidic peak (ca. 284.2 eV) was observed. This might be caused by the graphitic carbon on the surface, which covered the signal of the carbidic carbon in a similar region of binding energy. The N 1s XPS spectrum showed the predominant contribution from pyridinic N (398.2 eV) and some minor contribution from graphitic N (401.1 eV) (Fig. 3d) . 30 The peak at 396.4 eV was assigned to the N 1s signal related to N-Mo bonding.
31 Therefore, the XPS analysis indicated that the successful incorporation of N into both the carbon matrix and Mo 2 C. Due to the lone electron pair in the plane of the carbon matrix and Mo 2 C, these species of doped N can withdraw electrons and active hydrogen, thus enhance the HER performance of Mo 2 C@NC. Fig. S4b †) . The large surface area of Mo 2 C@NC nanomaterials might expose more active sites by increasing contact area between the catalysts and electrolyte, and their porosity structures could facilitate transfer of reactants and products, which enhanced mass transport and thus might increase their HER efficiency.
HER catalytic performance of Mo 2 C@NC
The electrocatalytic performance of synthesized products for HER were studied in alkaline solution (1 M KOH) using a typical three-electrode system. For comparison, the HER performance of Pt/C (20 wt%) was also evaluated. The polarization curves recorded for each individual electrode were showed in Fig. 4a . The HER activity of Mo 2 C@NC followed the order: Mo 2 C@NC-160 > Mo 2 C@NC-80 > Mo 2 C@NC-240 > Mo 2 C@NC-320, and their HER performances were summarized in Table S1 . † Mo 2 C@NC-160 exhibited excellent catalytic activity with a low overpotential of only 90 mV to reach a current density of 10 mA cm 2 , which was 34, 38 and 57 mV lower than those of Mo 2 C@NC-80, Mo 2 C@NC-240 and Mo 2 C@NC-320. To our best knowledge, the HER activity of Mo 2 C@NC-160 was superior to most reported Mo-based electrocatalysts (Table 1) . To further investigate the HER reaction mechanism, the Tafel curves were tted using the equation h ¼ a + b log|j|, where a was the intercept, b was the Tafel slope and j was the current density (Fig. 4b) . The Tafel slopes of Mo 2 C@NC-80 was calculated to be only 45 mV dec À1 , which was lower than those of Mo 2 C@NC-160 (50 mV dec À1 ), Mo 2 C@NC-240 (55 mV dec À1 ), Mo 2 C@NC-320 (63 mV dec À1 ), and most of reported Mo 2 Cbased electrocatalysts. It is well know that hydrogen evolution reaction involves two mechanistic pathways in alkaline condition as follows, which can be interpreted from the Tafel slopes.
33,34
Step I: H 2 O + e À + cat / H* À cat + OH À Volmer reaction (adsorption)
Step II: 2H* À cat / [H 2 + 2 cat Tafel reaction (chemical desorption)
Step 
Heyrovsky reaction (electrochemical desorption)
The rst pathway involves step I and step II called VolmerTafel mechanism, and the second one involves step I and step III known as Volmer-Heyrovsky mechanism. In the VolmerTafel mechanism, if the Volmer reaction (adsorption of H* on the catalyst surface) is the rate-determining step, the Tafel slope should be 120 mV dec À1 , while (Table S1 †). The low h 10 , high j 0 and high TOF value demonstrated that Mo 2 C@NC-160 exhibited the best HER performance.
To further investigate the HER kinetics of Mo 2 C@NC, electrochemical impedance studies were carried out at various overpotentials. The Nyquist and corresponding Bode plots of four Mo 2 C@NC electrocatalysts at overpotentials from 0 to 150 mV were obtained (Fig. S6, † 5 and 6 ). The Nyquist plots exhibited classical one-time constant behavior, and thus a simple electrical equivalent circuit was used to t the experimental data, where R s represents the resistance of the medium, R ct represents the charge transfer resistance between electrocatalysts and electrolyte, and CPE represents constant phase elements (Fig. 5) . 29 With the increase of overpotentials, the semicircle in the Nyquist plots decreased gradually, which indicated lower charge transfer resistance and better electron transfer ability at higher overpotentials. At 150 mV overpotential, the R ct value of Mo 2 C@NC-160 was calculated to be 28.5 Ohm, which was smaller than those of Mo 2 C@NC-80 (45.4 Ohm), Mo 2 C@NC-240 (71.6 Ohm) and Mo 2 C@NC-320 (90.1 Ohm). This indicated Mo 2 C@NC-160 had the best electron transfer ability. From the Bode plots, only one semicircle at low frequencies has been observed, which was related to the kinetics of the electrochemical HER (Fig. 6 ). In the Bode phase diagram, the semicircles exhibited potential dependency, and at higher applied potential the phase angle became lower and shied towards higher frequencies (Fig. 6) , which indicated lower resistance and faster reaction kinetics. The comparison of Bode plots for four Mo 2 C@NC electrocatalysts at 150 mV overpotential further demonstrated that Mo 2 C@NC-160 had excellent electron transfer ability and exhibited superior HER activity (Fig. S7 †) .
The efficient HER activity of Mo 2 C@NC-160 electrocatalyst was attributed to its high electron transfer ability as evidenced by the above EIS results. To further investigate the reason why Mo 2 C@NC-160 electrocatalyst exhibited higher HER activity than the other three Mo 2 C@NC electrocatalysts, their electrochemically active surface areas (ECSA) were estimated from the electrochemical double-layer capacitance (C dl ) of the catalytic surface, which was proportional to their effective electrode surface area. 40 Therefore, the electrochemical surface areas of different Mo 2 C@NC could be compared with one another based on their C dl values. The C dl value could be determined by measuring the non-faradaic capacitive current associated with double-layer charging from the scan-rate dependence of cyclic voltammograms (CVs). All measured current in the nonfaradaic potential region was assumed to be due to doublelayer charging, and was equal to the product of the scan rate (v) and the electrochemical double-layer capacitance (C dl ), as given by eqn 1.
Thus, a plot of i c as a function of v yields a straight line with a slope equal to C dl . The cyclic voltammetry (CV) of Mo 2 C@NC were obtained at different scan rates between 0.15 and 0.25 V versus a reversible hydrogen electrode (RHE) (Fig. S8 †) . A linear correlation was observed for the Mo 2 C@NC electrocatalysts when the current density at 0.2 V was plotted against the scan rate (Fig. 7) . From the slopes, the electrochemical double-layer capacitance of Mo 2 C@NC-160 was estimated to be 50. 4 electrocatalysts. Therefore, the superior HER performance of Mo 2 C@NC-160 could be associated with its high electrochemically active surface area. The superior HER performance of Mo 2 C@NC-160 might be mainly attributed to the following factors: on one hand an appropriate amount of N-doped carbon sheets on the Mo 2 C@NC-160 as supports for uniform distribution of ultrasmall Mo 2 C nanoparticles could improve its conductivity, thus increase the charge transfer ability; on the other hand the high electrochemically active surface areas of Mo 2 C@NC-160 could expose more catalytic active sites and enhance contact with the electrolyte.
Durability of Mo 2 C@NC-160 electrocatalyst
Durability of electrocatalysts for HER was an important issue during the practical application. Therefore, to evaluate the durability of Mo 2 C@NC electrocatalyst, cyclic voltammetry sweeps were conducted at a scanning rate of 50 mV s À1 for 2000 cycles in 1 M KOH media. The Mo 2 C@NC-160 catalyst aer 2000 cycles overlaid almost exactly with the initial one, conrming that the Mo 2 C@NC-160 catalyst was highly resistant to alkaline media and revealed its excellent electrochemical stability (Fig. 8) . The durability of Mo 2 C@NC-160 as HER catalyst was also examined by electrolysis at xed potentials over extended periods. A small loss in cathodic current density was observed aer operation for 12 h (insert of Fig. 8 ). The reason of activity loss was that the crystalline phase of Mo 2 C@NC-160 was destroyed by strongly alkaline solution (Fig. S9 †) . This exceptional durability of Mo 2 C@NC-160 demonstrated promise for practical applications of the catalysts over longer periods. The excellent electrochemical stability of the Mo 2 C@NC-160 could be ascribed to the protection of N-doped carbon shell/matrix around the ultrasmall Mo 2 C nanoparticles.
Conclusions
In summary, Mo 2 C@NC was easily synthesized via a one-step strategy by adjusting the mass ratios of urea and ammonium molybdatetetrahydrate. The Mo 2 C@NC nanomaterials with different N-doped carbon content and crystalline obtained at different ratios all exhibited excellent electrocatalytic HER activity, and Mo 2 C@NC-160 electrocatalyst showed the best HER activity with a low overpotential of only 90 mV to reach 10 mA cm À2 and a small Tafel slope of 50 mV dec À1 . The superior HER activity of Mo 2 C@NC-160 was associated with highly dispersed ultrasmall Mo 2 C nanoparticles exhibiting high electrochemically active surface areas, and the synergistic effect of N-doped carbon shell/matrix facilitating the electron transportation.
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